INSECT EGG COUNTING ON MASS REARING
OvVIPOSITION PADS BY IMAGE ANALYSIS
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ABSTRACT. Variahility of egg quantities laid on rearing trays during large-scale production of sterile insects can cause
economic losses due to overfeeding or underfeeding. In addition, quality control measures to monitor egg numbers are both
tedious and laborious. Methods were developed to count pink bollworm egg numbers on oviposition pads using histogram
Jeatures from 10-bit grayscale images of the pads. Egg count prediction by regression analysis produced highly significant
predictive model equations when individual histogram bin values or cumulative histogram bins (multiple thresholds) were
used as independent variables. Models using cumulative histogram bin values appeared more robust as the mean squared
error values were slightly lower. There was little difference in prediction resulls when using camera resolutions of 183, 139,
and 94 pixels/cm. Automation of this methodology may allow a mass rearing facility to obtain oviposition pad segments with
the desired number of eggs +10%, increasing insect yield andior quality and minimizing diet costs. In addition, the

methodology will allow entemologists to quickly and accurately count eggs from laboratory or large—scale experiments.
Keywords. Image analysis, Egg counting, Pink bollworm, Mass rearing.

ccurate estimation of egg numbers on oviposition

pads is important during production of sterile

insects for biocontrol sterile release programs,

such as with pink bollworm, or during research
and development of rearing techniques where egg, larvae, or
pupae counts need to be ascertained. During commercial
preduction of sterile pink bollworm insects, annular egg
laden pads are collected from the oviposition cages daily for
nine days, The first collection begins after the first 24 hours,
Eggs from collection days 2 through 8 are considered first
quality egps. Eggs from days 1 and 9 are second quality and
are used only if there are insufficient numbers of first quality
eggs. In general, the annular pads are radially cut into gight
equal sections of 45° each although manual corrections are
sometimes made for pads which appear to have an extra
heavy or light load of eggs. In these cases, the pads are cut
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into fewer or more sections, as appropriate, Thus, there is
limited control of egg numbers per rearing tray, despite the
fact that the optimum number per pad appears to be
approximately 5000 + 500 eggs (Miller, 1999). Production
costs could be minimized if the optimum number of eggs
were applied to each rearing container, If the nurnber of eggs
is lower than the optimum, then diet is being wasted. If more
than the optimum number is used, quantity is being swapped
for quality.

REVIEW OF LITERATURE

Image processing techniques are being used more and
more frequently to count items, orient pieces, or discriminate
between ob]ects with different visual characteristics. Most
automated image systems perform counting by segmenting
the item to be counted from the background by applying a
threshold based pn the pixel intensity and/or intensity slope
(or rate of change in intensities). Using this methodology,
automated imaging systems have been developed to count
white spots on dyed fabric (Han, 1998), to count specks on
semolina {Symana, 1996), and to count specks of bran in flour
(Kim, 1999). In addition, there are several commerclal
software programs that use this methodology to count objects
given a digitized image, for example, Optimas (Media
Cybernetics, Silver Spring, Md). These object counting
systems can work well if the objects are only one Jayer thick
and have good contrast from the background. At present, no
work has been reported to count insect eggs on oviposition
pads, perhaps because eggs tend to be layered two or three
thick, But, a rapid and non—destructive method for counting
eggs on oviposition pads might be very useful in entomology
research laboratories and for quality control purposes,”

The ob_]ectwe of this article was to determine the
feasibility of using image processing techniques to count the
number of pmk bollworm €ggs on an nyiposmon pacl
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EXPERIMENTAL PROCEDURES
IMAGING SYSTEM

Images of 30° pad samples were taken with a 10-bit
prayscale CCD progressive scan camera, 1300 x 1030 pixels
(TM1300, Pulnix, Sunnyvale, Calif)) using a zoom video lens
(Zoom 7000,18-108 mm, 2.5, Navitar, Rochester, N.Y.),
and were captured on a frame grabber board {(1C-4DIG-16D,
Imaging Technology, Bedford, Mass.). The images were
imported into an image analysis program (Optimas, v 6.5,
Media Cybemnetics, Silver Spring, Md.) running on a
personal computer (PC).

A schematic of the imaging system is shown in figure 1.
The camera was mounted on the arm of a photographic
enlarger in the center of a dual circular fluorescent light
fixture (Mdl C-2072, Ametican Fluorescent, Waukegan,
IlL.). The outer and inner bulbs were 40 and 32 watts,
respectively, and the vertical distances from the samples to
the camera lens and the light bulbs were 50 and 43 cm,
respectively. The pad segments were placed on a 22.9—cm
diameter aluminum plate sanded with 100 grit paper. The
aluminum surface provided a near white reflection to the
camera. All segments were positioned radially to the center.
Moving the zoom lens to specific positions marked on the
lens and housing changed image resolution. Images from
each sample were taken at resolutions of 183, 139, and
94 pixels/cm. Images of 30° pads were used so the entire
segment could be captured at all three camera resolutions.
Once the image was focused, the focusing ring was fixed in
place for all experiments. All images were saved for off-line
analysis.

EcG OviposiTiON PADs

Current mass rearing pink bollworm oviposition pads
consist of annular rings, 10.2 em ID by 20.4 cm OD die cut
from brown paper toweling (No. 6086K, Tagsons Papers Inc.,
Mechanicville, N.Y.). Two changes to the oviposition pads
were made for these experiments, First, the facility pads had
a nommiform color, due to paper fiberg of various shades of
brown running throughout, which would complicate image
processing required to count eggs. Consequently, a white
paper toweling (No, 1040, Kimberly Clark, Roswell, Ga.)
was substituted to reduce this problem during these
concept—testing runs, Tests with the white paper prior to its
experimental use showed that fecundity (no. of eggs laid per
unit time) was actually higher by 16.8% than using the brown
paper (Miller, 1999). The second problem with the

v

Figure 1, Behematle of lmaging system,
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brown oviposition papers at the facility was the frequent pres-
ence of eggs on the underside of the pad near the inner and
outer edges. The brown oviposition papers deflected upward
allowing insects to crawl to the underside of the paper and lay
eggs even though the paper was held down by the weight of
a silicone ring. It was found that use of a slightly smaller di-
ameter silicone ring held the paper flat and prevented eggs
from being laid on the underside of the pad.

OvIPOSITION PAD PROCESSING

Once a weck, three white pads were placed in mass rearing
oviposition cages at the USDA-APHIS Phoenix facility
containing moths that had been laying eggs for 0 to 8 days,
Egg—laden pads were removed daily afier the normal time in
the cages, as previously described. Timing was such that each
batch of pads, designated day 1 to day 9, was removed on a
Monday. Each pad was placed in a separate plastic bag and
the lot was air shipped in an insulated box to Albany,
California, arriving the following morning. One pad from
each oviposition day was randomly selected, cut into four or
more 30° segments, and two of these cut segments were
imaged as previously discussed. When placed on the
alyminum plate, a margin of about 6 mm of the plate around
the outside edge was included in each image. This procedure
was repeated weekly for eight weeks, commencing 26 April
1999, and resulted in a total of 144 images of 30° pad
segments,

AcTuaL EGG COUNT DETERMINATIONS

The number of eggs on a pad sepment was determined by
one of two methods. In the first, a 472 pixels/cm color soan
(Mdl. 6200Cse, Hewlett Packard, Greely, Colo. ) of the
segment was enlarged to an image approximately 60 cm
square at a resolution of 49 pixels'cm using Adobe Photo
Deluxe (Business Edition 1.0, Adobe Sysiems, San Jose,
Calif.) and printed using a large format color printer (450C,
Hewlett Packard, Greely, Cola.) on 91—cm wide opague bond
paper, The number of eggs in a cluster or ares could be hand
counted from the print afier referring ta the high-resojution
scan of that area on the computer screen. This method was
useful for pad segments with fewer than 2000 eggs without
multiple layers of eggs.

" The second counting method used a chlorine—containing
compound to remove the eggs from the pad and an image
analysis program to count the number of eggs present. A pad
segment was gently stirred with a magnetic stirring bar in

200mL  of a S5-wi% . solution  ‘of sodium
dichloro—s-triazinetrione dihydrate (stabilized spa chlarine
granules). Spa chlorine granules were used instead of bleach
because the pranules did not disintograte the white paper
toweling as aggressively s sodium hypochlorits, After
approximately 30 min, the eggs were free from the pad, and
the pad was removed, Eggs still adhering 1o the pad after
removal from the solution were counted by hand under a
binocular microscope. An additional 30 min in the sclytion
separated all eggs from ono another. The eggs were recavered
by pouring the mixture through a 7.6—cm diameter, 60-mesh
screen and rinsing the eggs from the screen into g 30-ml,
beaker with about 10 g of water from a squeeze bottle, The
eggs were stained in aqueous 0.125% (witvol) methyleno
blue for 2 hours. Using this procedure, the eggs were dyed
blue but the white color of any oellulose fiber carried along
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with the eggs was unchanged. The eggs then were screened,
washed with distilled water, and transferred to a flat
glass-bottomed tray, 22 cm wide by 108 cm long with
12-mm aluminum sides, which covered the surface of the
color scanner. The eggs were covered with 3 mm of water and
spread evenly over the center of the tray by hand using a thin
wire pick with the objective of separating eggs touching one
another, The plate containing the blue dyed eggs was scanned
in 36-bit color and imported into Optimas for counting. The
imnage was converted to 10-bit grayscale and thresholded to
discern the dved eggs from the background. Single eggs were
found to have minimum perimeters of 0.7-0.8 mm and
minimum areas of 0.040 mm?2. Particles with areas greater
than 0.140 mm? were considered to be doublets -— two eggs
touching one another. The criteria for single or doublet eggs
were entered into Optimas. The final egg count was the
numnber of single eggs in the scan plus two times the number
of doublets plus the number of hand counted eggs that had
adhered to the oviposition paper during removal from the
chlorine solution,

Six sample segments were run by both of the above
metheds to confirm that the results were equivalent. Each pad
contained 500 to 2000 eggs. The comparisons resulted in egg
counts obtained by hand and by counting with irnage analysis
after spa chlorine removal, respectively, of 508/506,
806/799, 1676/1652, 1742/1737, 1751/1746, and 1929/1951.
The two methods produced results within 1.4% or less of each
other.

PRrEDICTION OF EGG COUNTS BY
IMAGE ANALYSIS TECHNIQUES

Figure 2 shows a representative set of day 1 through ¢ pad
segments. It is easily seen that egg laying does not follow a
bell-shaped curve with days of oviposition. Rather, the
segments from any oviposition day can contain high or low
numbers of eggs, and the eggs are not evenly distributed on
the pads. When eggs were first laid on the pad, they were in
groups of one to four eggs, fairly evenly distributed over the
surface of the pad. When less open space was available,

Figure 2. Typical white ovipositicn pad segments from d_ays 1 through 9 (a1, respectlvely). Magnification bar(inf}=1 e'u_. '
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eges tended to be laid in trails along ridges and valleys in the
pad with many egzs touching each other (fig. 3a). As laying
proceeded, trails intersected, forming a lattice—like network
(fig. 3b) which could be very large. Eventually, masses were
formed which were more than one egg thick (fig, 3¢}, Thick
eEg masses appearsd darker in the imaged pad than single
thickness egg patterns. In addition, the darkness of the epges
depended on their orientation since egg shape is bypically cl-
lipsaid.

To overcome the problem of ege orientation and lavering,
gray level processing rather than binary blob analysis was
performed to estimate the number of eggs on a pad. The
method for counting eggs on the imaged pads was a statistical
approach using stepwise linear repression (SAS, 1947;
1991). The independent variables consisted of 1024 gray
level histopram bing into which the image was divided. Pixel
counts from all 1024 bins fram each image were used in the
process. The stepwise procedure was vsed 1o select only 2

Tl

Figure . Trplical range ol egg patierns on pvipositon pads as egp density

Inereases. Tralls of egge and clngle egge (a); tralle of larger apeas
producing a latilee-like arrangement (b); aod larper masses of eggs
gintaining roultiple layers (2. Magnifieallon bar (I8 ¢) = I mem,
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limited number of variables to be used in the prediction
madel using a significance of 0.001 to enter or exit from the
miadel,

A file was created for the data from cach of the thres
camera resolutions giving collection date, sample number,
actual number of counted eggs, and pixel counts in each of
the 1024 bins. Two types of histograms, the bin and
cumulative, were used, Wilh the bin histogram, a single bin
value wias the number of pixels having a gray level intensity
corresponding to the histogram bin value. So, cach bin
consisted of pixels comprising an individual gravscals value.
In contrast, cumulative histogram bin values were the sum of
all pixels having gray level intensitics from 0 to the gray level
intensity corresponding to the histogram bin value, For
example, the cumulative histogram value for bin §34 would
be the sum of all pixels having gray level inlensities from 0 to
634, Using cumulative histogram bins is equivalent 1o selting
an image intensity threshold, of wsing multiple thresholds if
there were more significant independent variables in the
model.

Variable selection for both the bin and cumulative
histogram data files was performed using half the images,
often called the training set, and the prediction accuracy was
validated wilh the other half (the validation set), Thus, data
from 72 images comprised the trzining set, and data from
72 scparate images comprised the validation set. Tmapes
wero randomly assigned w the treining and validation sets,
Segments wilh egp, counts below 500 were nob included in the
regression analyses,

RESULTS AND DISCuUSSION
Acrual Ece Counts ox OvirosiTion PAp SECMENTS

The number of eggs on a pad segment varled greatly, The
nurnber of eggs found on each segment, along with the egg
collection day, are shown in table 1. The cggs on pads from
individual days ranged from a low of 7 for day 1 @ a high of
6252 for day 3. Standard deviatlons by day were high [n all
cages. The 3000 + 10% eggs thal were considercd desirable
from a 45° pad scgment used in the mass rearing faciliy
would translate to a mean of 3333 and a mnge of 3000-3667
egas for the 30° pad sepments in these studies, A secand s,
bascd on a criteria of 3333 2 15%, is also shown in table 1,
If one assumes the egg counts were higher by 16.8%, becauss

Table 1. Results 0f egp counts from the 30° epy pad wepmentslt]
Mo, of Pul Segments ]
Witk Egyg Count

Epg Counts fram With Egg Count

Pad Sepmenis 3333 4 0% 1215
N Men SE.  Hange In::;ﬂl :!c::';:d ] m’:‘w eFﬂﬁml
1 75z 6 I-1664 0 0 i i
1 M0 1385 EIN-5053 1 1 ) 2
1 4101 1271 19R3-6152 1 ] 4 (1]
419 4512 211 aams-sane ) ] 5 [
sl 3RS 1156 144D=5R02 3 fl 1 I
el 3435 R p4E7-4s57 5 ] T 7
2 TI0 17R7-4087 4 i 4 7
§  1R93 R6}  TAT-3462 2 1 2 ]
9 1539 674 2H-2460 o 0 ] |
T 16 sasrples,
[} Egg count divided by 1.16&
I 14 samples.
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of the fecundity increase on 1040 white paper, dividing the
white paper counts by 1.168 could be used to approximate
what the number of eggs would have been on brown facility
paper. These results indicate that automated egg counting on
oviposition pads might increase insect quality and/or reduce
diet costs.

PreDICTION OF EGG COUNTS BY
STEPWISE REGRESSION ANALYSIS

Results from the regression analyses are shown in table 2,
All models, using either bin or cumulative histograms, at all
three camera reselutions produced similar results. All models
had R? values greater than 0.993 and all equations were
significant at p > F at the 0.0001 level. The cumulative
histograms might be more robust because they rely on the
sum of many pixel intensities rather than the pixel counts at
just a few individual intensity levels, which could be affected
by changes in lighting intensity and other external factors,
The RMSE’s for the cumulative histogram validation sets
were lower and more constant than for the bin histograms.
The results were essentially the same at all camera
resolutions indicating that equipment for the lowest
resolution could be used to lower camera system costs and
decrease program running time. A graph of the predicted and
actual egg counts using cumulative histogram bins to predict
egg counts at the lowest resolution (94 pixels/cm) is shown

in figure 4. The most significant range for a 30° segment
requiring 3333 eggs per segment is approximately 2800 to
3800 eggs. Within this range, all points fell within the 90%
confidence interval for the prediction equation and thus met
the criteria of controlling egg counts at 3333 + 10%. Egg
dimensions were approximately 0.6 x 0.3 mm, so each egg
was represented by approximately 15 pixels at 94 pixel/cm
resolution. It is unlikely that much lower resolutions than
94 pixels/cm would be useful since it is important to quantify
grayscale values of eggs that might be partially covered by
another egg.

Actual versus predicted resulis were slightly more
scattered at segment counts of 5000 or more which probably
contained larger numbers of multilayer eggs. As can be seen
in figure 4, one point with 5027 actual eggs had a predicted
count of 6397. This point appears to be an outlier as the
predicted egg count is more than the actual egg count by over
three times the RMSE (603 eggs). This particular pad had an
unusual amount of eggs layered on top of each other.
However, with a lower target area of 3333 eggs per cut
segment, there should be less error.

Figure 5 displays bin histograms from representative
oviposition pad images containing 802, 2650, and 4265 eggs,
respectively. As expected, the histogram corresponding to a
pad with a low number of eggs shows less low grayscale
values and more high values that represent the white pad.

Table 2. Predicted egg comnts by stepwise regression snalysis.

Histogram Type  Camera Resolution Predictive Regression Equation Complete Mode{is) Validation Set
(bin/cuml®]) (pixels/cm) (Cocfficient) (BinNo)  (Partial R?) ®) =P ®MSEF} (&Y
bin 183 1.297 x 102 intercept 0.997  0.0001 226 0.995
1.650 x 1% 533 0.959
4.278 x 10% 381 0.024
1.928 x 10% 622 0.009
9.193 %10 | 472 0.003
-1.250x 10 ! 760 0.001
bin 139 1.021 x 102 inteveept 0997  0.0001 390 0.995
3,057 x 109 546 0.968
2.866 x 108 655 0.011
1428 x io! 394 0.012
-1.932 x 100 " 0.004
1.740 x 109 622 0.002
bin 94 3.599 % 10% intercept 0.994  0.0001 29 0.99
3.016 x 1o? 579 0.965
3.425 x 100 673 0.013
5727 x 100 488 0.008
7575x10! £29 0.004
4.836 % 100 623 0.004
cum 183 1.M47 x 107 intercept
2.508 x 10 ? &7 0.992 0996  0.0001 206 0,094
-2.0B3x10 3. 808 0,003
725 x1Q 3 578 0.001
sm 139 1.648 x 102 inercept 0995 0.0001 207 0.993
i 1361 =10 ! 693 0.984 :
-200) <102 562 0.008
7982 %10 2 733 0.003
cum 94 3,952 x 109 intercept —_— 0993  0.0001 201 0.992
1.073x10 ! 718 0.978 o
1558 x10 2 847 8.009
—4.241 %10 2 59 0.006
8l Of training set.
[b] Cumulative.

[E] Root mcan squarcd crror of validation set,

Vol. 18(1): 129-138

© 133



pradicted egg count

- 8E2 8B BE

2000 3000 4000
aciual egg count

5000 6000 7000

Fignre 4. Predicied egg connts from the model (cumalative hlstogram) ve. actual egg counts from the validation set of samples at & camera resohation
of 94 pixel/in. The lines indicate the upper and lower 95% confidence Intervals.

As the number of eggs increases, the number of low grayscale
values increases. The selected values from the regression
procedure reflect this as well.

For this study, images were acquired over an 8-week
period; the lengthy duration of time may cause some concem
that the light output power may change during over time.
However, examination of the grayscale pixel values in a
1cm square of the aluminum base plate, prescnt in all
images acquired for this study, does not indicate that the light
source output power changed over the course of the study, All
pixel values in all images ranged from 1008 to 1013, and all
of the 1 ¢m squarcs had a mean grayscale value of 1010,
Nevortheless, better results aver a long time period might be
obtained by using & more stable light soyrce since the egg
count predictions do rely on grayscale values of image pixels,
- Atotal of 144 images were used to develop and report the
ealibration equations used for this stydy, Another system
using a different light source and/or different camers would
nocd ii’s own catibration. When using stepwise :egrcsslon
selection of variables from highly correlated data, it is
rocommended that the training set comprise at least
10 samples for each factor chosen (Hruschka, 1987). The
regression models using cumulative histogram bins contain
four factors so about 40 images for the fraining set would be

pecesgary for a new calibration. The validation set could be
less than 40 to check that the training was not over—fitted, but
more study would be needed to confirm just how many
samples would be necessary. To mcalibrato, without
selocting new histograms, fower than 30 images should be
required, and there should not be a need for a validation set
to Ghﬂck for overﬁﬂ:ina.

Coucwsmms -

Image processing methods were developed ta aecurately
oount the number of pink boltworm eggs on oviposition pads,
This technique may be useful for an cnline gystem {0 segment
avipogition pads with optimal egg counts or ag a quality
onutrol technique where rapu:l and non—destrucﬂve counts

RE)

are required. Egg count prediction equations were derived by
stepwise regression technigues which could rapidly and
accurately count the number of eggs on a pad segment based
on the pixel counts in just three to five bins or cumulative
histogram bins, Equations using cumulative histograms were
inherently more robust and produced lower RMSE’s using the
validation sets at all three (low, medium, and high) camers
resolutions, Therefore, in practice, the lowest resolution
(94 pixels/em) could be used, reducing costs for jmaging
squipment, In the current commercial scale system for masy
mrms of sterile pink bollworm moths, only a small number
of égg—taden pad scgments contains the ideal ‘number of
eggs. The jnitial premize of ysing a progressive scan CCD
camera o count eggs on oviposition pad segmenis appears to
be workable. The counting techniques may be applicable ta
aountmg ingects in othet stages of growth,
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